The retinoblastoma (Rb) tumor suppressor controls cell cycle, DNA damage, apoptotic, and metabolic pathways. DNA tumor virus oncoproteins reduce Rb function by either inducing Rb degradation or physically disrupting complexes between Rb and its myriad binding proteins. Human cytomegalovirus (HCMV), a betaherpesvirus being investigated for potential roles in human cancers, encodes multiple lytic-phase proteins that inactivate Rb in distinct ways, leading to the hypothesis that reduced Rb levels and/or activity would benefit HCMV lytic infection. Paradoxically, we found that Rb knockdown prior to infection, whether transient or constitutive, impaired HCMV lytic infection at multiple stages, notably viral DNA replication, late protein expression, and infectious virion production. The existence of differentially modified forms of Rb, the temporally and functionally distinct means by which HCMV proteins interact with Rb, and the necessity of Rb for efficient HCMV lytic replication combine to highlight the complex relationship between the virus and this critical tumor suppressor. T he retinoblastoma (Rb) protein is a tumor suppressor (1, 2). Loss of both Rb alleles predisposes patients to the development of cancer (3). Rb, through its association with more than 200 other cellular proteins (4), controls pathways that regulate cell cycle progression, DNA repair, apoptosis, and energy metabolism, all of which are intimately involved in oncogenic transformation and tumor cell survival (5-7). Most, if not all, human tumors have defects (mutations) in one or more components of the pathways controlled by Rb (8).
T
he retinoblastoma (Rb) protein is a tumor suppressor (1, 2) . Loss of both Rb alleles predisposes patients to the development of cancer (3) . Rb, through its association with more than 200 other cellular proteins (4), controls pathways that regulate cell cycle progression, DNA repair, apoptosis, and energy metabolism, all of which are intimately involved in oncogenic transformation and tumor cell survival (5) (6) (7) . Most, if not all, human tumors have defects (mutations) in one or more components of the pathways controlled by Rb (8) .
The unphosphorylated or hypophosphorylated form of Rb is generally considered the active form of the protein (9) . Hypophosphorylated Rb interacts with many cellular proteins, including a critical association with the E2F family of transcription factors (10) . E2F transcription factors control the expression of many genes required for cell cycle progression, and Rb binding inhibits E2F-dependent transcription (11) . Rb binding to E2F protects cells from untimely progression through the cell cycle and prevents E2F-mediated oncogenic transformation (12, 13) . During normal cell cycle progression, a series of cellular cyclin-dependent kinases (Cdks) phosphorylate Rb, converting it into a fully phosphorylated form, termed hyperphosphorylated Rb. This form is considered inactive (14) , although it may retain some unrecognized function (15) . Hyperphosphorylated Rb no longer binds E2F and thus permits E2F-dependent transcription and cell cycle progression (10) . Recently, Cdk-dependent monophosphorylation of Rb has been reported (16) , but the physiological relevance of this is unknown. Rb can also be acetylated, methylated, SUMOylated, ubiquitinated, and phosphorylated on non-Cdkmediated sites in response to stimuli that may activate non-cellcycle-associated functions of Rb (17) .
In addition to being a tumor suppressor, Rb might also be a "virus suppressor," at least for the DNA tumor virus human papillomavirus (HPV). The HPV E7 protein binds to Rb and induces its proteasomal degradation (18, 19) . E7 proteins unable to bind or degrade Rb are unable to support productive papillomavirus replication (20, 21) . However, as E7 Rb-binding-deficient mutants have other defects (22) , it is premature to conclude the inability to degrade Rb is the only reason for the observed defects in the viral life cycle. Unfortunately, the role of Rb during HPV infection remains unclear due to difficulties in studying productive HPV replication in vitro (through organotypic raft cultures) and the justifiable focus on the essential role of E7-mediated inactivation of Rb during HPV-induced cellular transformation and human cancers.
Adenovirus, another DNA tumor virus, encodes the E1A protein that binds Rb and disrupts its complexes with E2F (23) . E1A mutants unable to bind Rb display only modest defects in viral replication (24) . Therefore, Rb does not appear to be a suppressor of adenovirus. In fact, during adenoviral infection, Rb-E2F1 complexes selectively remain intact (25) , and recently E1A-Rb complexes were demonstrated to suppress the transcription of genes with antiviral functions in adenovirus-infected cells (26) . Thus, Rb might contribute to adenovirus infection in a positive way, although this remains to be determined through knockdown or knockout studies.
Human cytomegalovirus (HCMV) is a DNA virus that is being explored as a potential cofactor for human cancers, most notably glioblastoma brain tumors (27) (28) (29) (30) . One possible mechanism by which HCMV could contribute to cellular transformation is manipulation of the cell cycle through inactivation of Rb (28) . HCMV has multiple, potentially semiredundant ways in which to modulate Rb protein function during lytic infection. The viral pp71 protein is delivered to cells by infecting virions where it binds to and induces the proteasomal degradation of hypophosphorylated Rb (31, 32) . This pp71-mediated degradation occurs only within the first hours of infection, and Rb reaccumulates later during infection (33) . The biological relevance of this degradation remains unclear, as a pp71 mutant virus unable to induce Rb degradation supports wild-type levels of lytic infection in fibroblasts (34) . The viral UL97 protein is a viral cyclin-dependent kinase (v-Cdk) that phosphorylates Rb on several Cdk target sites (33, 35) . A mutant virus lacking UL97 fails to phosphorylate Rb and has a growth defect, and it should also fail to phosphorylate other known cellular and viral targets (36) . Mutants unable to phosphorylate Rb but retaining kinase activity have not been reported. The viral IE1 and IE2 proteins have also been reported to activate E2F-responsive promoters (37) (38) (39) , though mechanisms have not been explored and evidence for Rb inactivation by IE1 and IE2 during viral infection is lacking.
With at least two and perhaps as many as four ways to inactivate the Rb protein, we suspected that Rb would suppress HCMV infection. However, we found that Rb knockdown, either transiently by small interfering RNA (siRNA) transfection or constitutively through short hairpin RNA (shRNA) expression, impaired HCMV lytic replication in fibroblasts. HCMV viral DNA replication and late gene expression were decreased, and as many as 10-fold-fewer infectious virions were produced. We conclude that the Rb protein is required for efficient HCMV replication and that the multiple ways in which HCMV interacts with Rb represent viral attempts not to completely eliminate Rb function but to modulate it in temporally and likely functionally distinct ways.
MATERIALS AND METHODS

Cells and viruses.
Primary normal human dermal fibroblasts (NHDFs) (Clonetics) used for transient experiments and to derive the stable knockdown populations were cultured in Dulbecco's modified Eagle medium (DMEM) (Invitrogen and Sigma). THP-1 cells (ATCC TIB-202) were cultured in RPMI 1640 medium (Invitrogen). Both DMEM and RPMI 1640 medium were supplemented with 10% (vol/vol) fetal bovine serum (FBS) (Sigma), and 100 U/ml penicillin, 100 g/ml streptomycin, and 0.292 mg/ml glutamine (PSG) (Invitrogen) to generate complete media. Transduction with shRNA retroviruses was performed as previously described (40) . Transduced cells were maintained in complete media containing 1 g/ml puromycin (Sigma) and used for experiments until passage 16. Asynchronous cells were plated at a subconfluent density and cultured in complete media for 24 h before harvesting or infection. To arrest cells by serum starvation, cells were plated at 1 ϫ 10 4 cells/cm 2 , and 24 h after plating, cells were washed twice with Dulbecco's phosphatebuffered saline (DPBS) (Invitrogen) and then maintained in DMEM containing 0.1% FBS supplemented with PSG (0.1% FBS DMEMϩPSG) (low-serum medium) for 48 h before harvesting or infection. Confluent cells were fed complete media every 2 days for 144 h after plating before beginning contact inhibition cell experiments. All infections used HCMV-AD169 or an AD169 derivative expressing IE2 fused to green fluorescent protein (AD169 IE2-GFP, 41) or GFP-expressing HCMV strain FIX (42) . Multiplicities of infection (MOIs) were calculated for each cell line by counting an extra plated well. Cells were infected in minimal volumes for 60 min, inocula were removed, and media were replaced. Viral titers were measured by standard plaque assay on nontransduced fibroblasts.
RNA interference. The pSUPER retro puro Scr shRNA (retro stands for retroviral, puro stands for puromycin, and Scr stands for scrambled) was a gift from John Gurdon (Addgene plasmid 30520) (43) , and the Rb2 and Rb3 plasmids were previously described (RB-sh2 and RB-sh3 [44] Inhibitors and antibodies. Valproic acid (VPA) (1 mM) (Sigma) dissolved in water was added to THP-1 cells 3 h prior to infection and maintained throughout the infection. Antibodies used in these experiments that are available from commercial sources are as follows: anti-Rb (4H1; Cell Signaling; catalog no. 554136; BD Pharmingen), anti-p107 (C-18; Santa Cruz), anti-cyclin E (C-19; Santa Cruz), anti-tubulin (clone DM 1A; Sigma), and anti-UL44 (10D8; Virusys). Monoclonal antibodies against pp71 (2H10-9), IE1 (1B12), and pp150 (CMV127) have been described previously (45) . Infrared (IR) dye 680-and 800-conjugated secondary antibodies (Li-Cor) were used for Western blotting, and Alexa Fluor 488-conjugated secondary antibody (catalog no. A-11017; Molecular Probes; Thermo Fisher Scientific) was used for immunofluorescence.
Western blots. Equal cell numbers were lysed in 1% SDS and 2% ␤-mercaptoethanol and boiled for 20 min prior to separation by SDS-PAGE and transfer to nitrocellulose membranes (Whatman). Five percent bovine serum albumin (BSA) in Tris-buffered saline with Tween 20 (TBST [46] ) was used to block membranes and incubate primary and secondary antibodies. Membranes were washed in TBST and imaged with the Odyssey Fc imager (Li-Cor). Images were generated, and bands were quantitated with the Image Studio version 2.1.10 software (Li-Cor).
Flow cytometry. After trypsinization, cells were harvested by lowspeed centrifugation, washed twice with PBS, and fixed with 70% ethanol at Ϫ20°C. Cells were then stained with propidium iodide (PI) (Sigma) 1 h prior to analysis on a FACSCalibur flow cytometer (BD Biosciences). Data were analyzed with ModFit LT software (Verity Software House).
Quantitative real-time PCR. Total DNA was extracted from equal numbers of cells using a genomic DNA minikit (IB47202; IBI). DNA was quantitated using iTaq universal SYBR green supermix (catalog no. 172-5124; Bio-Rad) on an Applied Biosystems 7900HT instrument. Viral DNA was amplified with IE1 primers (47) , and cellular genomes were measured with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers (48) .
Indirect immunofluorescence. Cells were plated on glass coverslips and serum starved for 48 h prior to infection. After infection, cells were fixed with 1% paraformaldehyde in PBS and processed as previously described (46) . Stained cells were visualized with a Nikon Ti-Eclipse inverted wide-field microscope, and images were collected with a CoolSnap HQ camera and Nikon NIS Elements software (v 4.00.03). At least 400 nuclei were counted per condition.
RESULTS
Rb knockdown in primary human fibroblasts inhibits HCMV lytic infection.
To determine whether Rb helps or hinders HCMV replication, we employed RNA interference to knock down the levels of the Rb protein prior to infection. Initial experiments utilized transient transfection of a duplexed siRNA targeting the coding region of the Rb mRNA (siRb1) or a scrambled control (siScr). Western blot analysis indicated that siRb1 was effective at reducing the steady-state level of the Rb protein, as well as its activity, as evidenced by the increased steady-state levels of the proteins encoded by the Rb-repressed, E2F-responsive genes p107 and cyclin E (Fig. 1A) . Transient Rb knockdown cells produced fewer infectious virions than the scrambled controls after infections at either low (Fig. 1B) or high ( Fig. 1C ) multiplicities of infection (MOIs) with the laboratory-adapted AD169 strain of HCMV. We conclude that transient Rb knockdown in fibroblasts inhibits HCMV productive lytic replication.
We suspected the modest effect after transient knockdown might be due to Rb protein reaccumulation during the lengthy HCMV productive replication cycle, which we frequently observed ( Fig. 1D) , compounded by an inability to selectively infect only transfected cells. Therefore, we stably decreased Rb protein steady-state levels by transducing cells with a retroviral vector expressing an shRNA to Rb or a scrambled control sequence. The retroviral vector also encodes the gene for resistance to puromycin, which allowed us to generate and maintain a population of transduced cells by selecting for resistance to puromycin. We used a different sequence complementary to the Rb coding sequence for the stable knockdowns (Rb2) compared to the transient knockdowns (siRb1) to control for off target effects inherent with RNA interference approaches. shRNA-Rb2 was effective at reducing the steady-state level of the Rb protein, as well as its activity, as evidenced by the increased steady-state levels of E2F-responsive genes ( Fig. 2A) . Similar to the transient-knockdown experiments, the stable Rb knockdown cells produced fewer infectious virions than the scrambled controls after infections at either low ( HCMV does not initiate lytic replication during the DNA synthesis (S) phase of the cell cycle, and Rb loss can compromise the restriction of cell entry into the S phase under certain conditions (49, 50) . Thus, we examined whether the observed HCMV replication defect could be due to unscheduled S-phase entry following Rb knockdown in our primary fibroblasts. Our stable Rb knockdown cells, as well as scrambled controls, retained the ability to growth arrest in response to serum starvation as well as upon contact inhibition (Fig. 3A) . Furthermore, the DNA content profiles, which are indicative of cell cycle stage, for Rb knockdown and scrambled controls, were indistinguishable when cells were either growing asynchronously (Fig. 3B ) or grown to confluence (Fig. 3C) or starved for serum (Fig. 3D) . The DNA content profile also revealed that the Rb knockdown and scrambled control cells maintain an intact G 1 /S restriction point, as approximately 90% of the serumstarved or contact-arrested cells were in the G 1 phase. Finally, HCMV produced fewer infectious virions than scrambled controls in stable Rb knockdown cells that were serum starved (Fig.  2B ), asynchronously growing (Fig. 3E), or confluent (Fig. 3F) . We conclude that our population of stable Rb knockdown primary fibroblasts has growth and synchronization characteristics indistinguishable from those of their Rb-expressing counterparts and that the defect in HCMV replication observed in 2 and serum starved at 24 h after plating or maintained in complete media. Cell density was measured after trypsinization by counting with a hemocytometer. Each data point represents the mean cell density Ϯ standard deviation from three biological replicates. (B to D) Scr or Rb2 cells were plated at a subconfluent density and harvested 24 h later as an asynchronous population (B), fed every 48 h for 6 days until contact inhibited (C), or serum starved for 48 h (D) before harvesting for analysis of PI staining by flow cytometry. A representative histogram from three biological replicates for each condition is shown. (E and F) Scr or Rb2 cells were plated at a subconfluent density and 24 h later were infected in complete media with AD169 at an MOI of 1 (E) or were fed every 48 h for 6 days and then infected in complete media by AD169 at an MOI of 1 (F). Combined cell-free and cell-associated virus was collected 4 days postinfection, and the titers of virus were determined by standard plaque assay. The data are mean titers normalized to the Scr titer Ϯ standard deviations from three biological replicates with technical triplicates. Statistical significance was determined by a permutation test prior to normalization (***, P Ͻ 0.001).
the Rb knockdown cells does not result from cell cycle perturbations secondary to Rb knockdown.
Rb knockdown reduces entry but not IE1 or UL44 protein accumulation. We systematically interrogated landmark steps during the HCMV lytic replication cycle (entry, immediate early [IE] gene expression, early gene expression, viral DNA replication, and late gene expression) to decipher how these stages were enhanced by the presence of Rb. As an initial assay for viral entry, we analyzed the steady-state levels of the viral pp71 tegument protein that is delivered to cells by infecting virions. Western blot analyses revealed a small, but noticeable and reproducible, reduction in the level of pp71 protein in Rb knockdown cells at 6 h postinfection (Fig. 4A) . Quantitation of multiple experiments normalized to tubulin levels detected a 32% decrease in pp71 levels in Rb knockdown cells (Fig. 4B) . We further analyzed entry by quantitating viral genome delivery to cells at both high (Fig. 4C) and low (Fig.  4D ) MOIs. Again, we found an approximately 20% decrease in viral genomes delivered to Rb knockdown cells compared to scrambled controls. The simplest explanation for these results is that viral entry is less efficient in the absence of Rb, although we cannot rule out effects on the stability of the pp71 protein or the viral genomic DNA. As pp71 and viral genomes appear to traffic independently in cells (40) , this defect seems to be at an early stage of viral entry.
The small effect on entry, while reproducible and statistically significant, may not have biological relevance because we found no difference in the steady-state accumulation of the IE1 protein in Rb knockdown cells compared to scrambled controls by Western blotting (Fig. 5A) . Quantitation of IE1 protein normalized to tubulin levels across multiple experiments revealed no difference in IE1 protein expression (Fig. 5B) . Furthermore, there was no difference in the number of scrambled or Rb knockdown cells that became IE1 positive (as detected by indirect immunofluorescence microscopy) after HCMV infection at three different MOIs (Fig.  5C ). Viral early gene expression follows IE gene expression. By Western blotting, we observed similar steady-state levels of the early protein UL44 in Rb knockdown and scrambled control fibroblasts (Fig. 5D) . Quantitation over multiple experiments actually revealed a small increase in UL44 protein at 72 h postinfection in the absence of Rb (Fig. 5E) . Taking all the data together, we conclude that pre-IE or IE defects are not responsible for the HCMV infection defect observed in Rb knockdown cells and that Rb is not required for efficient early protein accumulation in HCMV-infected fibroblasts.
Interestingly, nonquantitative Western blotting revealed a slight delay in IE1 and IE2 protein accumulation in cells infected with a virus expressing a pp71 point mutant (C219G) that fails to degrade Rb (34) . Perhaps Rb has a modest negative effect on IE gene expression that is relieved by pp71-mediated degradation. Rb knockdown would also relieve this slight restriction, improving IE gene expression and thus allow equivalent levels of IE1 protein accumulation (Fig. 5A ) despite the minor defect in viral entry observed in Rb knockdown cells (Fig. 4) .
Rb does not suppress viral IE gene expression during latency. The potential for a negative effect of Rb on IE gene expression during a lytic infection prompted us to ask whether or not Rb knockdown had any effect on the ability of HCMV to suppress IE gene expression during the establishment of latency. Daxx, another pp71 substrate, silences viral IE gene expression at the start of a lytic infection unless it is degraded by pp71 (46) . Daxx also silences IE gene expression during the establishment of latency in undifferentiated cells (51) . Daxx is not degraded during latency because when HCMV enters the undifferentiated myeloid cell types where latency is established, pp71 does not enter the nucleus where its substrates (Daxx and Rb) reside (51) . Knockdown of Daxx, or small-molecule inhibition of histone deacetylases with valproic acid (VPA), permits IE gene expression upon infection of THP-1 cells, a commonly used model for in vitro, experimental latency (40) .
We stably decreased Rb steady-state protein levels in THP-1 cells by transducing them with retroviruses that express either shRNA-Rb2 or shRNA-Rb3 (each targeting unique sequences in the coding region of the Rb mRNA) and selected for puromycinresistant populations. While both shRNAs were effective at reducing Rb levels, neither was able to permit IE1 expression in the absence of VPA (Fig. 6) . Furthermore, even in the absence of Rb, IE gene expression remained VPA responsive in THP-1 cells (Fig.  6) . We conclude that Rb has no demonstrable or significant role in silencing viral IE gene expression during the establishment of latency.
Viral DNA accumulates to lower levels in Rb knockdown cells. Since Rb does not appear to have a biological impact on the establishment of latency or early events in a lytic infection, we next examined viral DNA replication during lytic infection in the Rb knockdown fibroblasts. Using quantitative PCR (qPCR), we quantitated viral genome amplification in scrambled and Rb knockdown cells to determine whether Rb knockdown impaired viral DNA replication. We determined the amount of viral DNA encoding the IE1 gene relative to the amount of cellular DNA encoding the GAPDH gene at a time prior to DNA replication (6 h postinfection [hpi]) (Fig. 7A ) and then again after DNA replication (72 hpi) (Fig. 7B) . This allowed us to determine a value for viral DNA amplification (Fig. 7C ) that would be independent of the observed defect in genome delivery (Fig. 4C and D and 7A) . Using this approach, we observed a 20% decrease in viral DNA replication in Rb knockdown cells compared to control cells.
Even though our experimental approach should eliminate the mathematical problem resulting from decreased viral entry into Rb knockdown cells, it may not mitigate any biological issue associated with this phenomenon. Therefore, we repeated the experiments with an increased dosage of virus to the Rb knockdown cells so that we could achieve either equivalent (Fig. 7D , E, and F) or higher (Fig. 7G, H , and I) genome entry levels into Rb knockdown cells compared to scrambled controls. Despite the increased input genome levels, we still detected a reproducible and statistically significant defect in viral genome amplification in Rb knockdown cells compared to scrambled controls. Likewise, infection of Rb knockdown cells at higher applied MOI (as assayed by increased genome levels relative to scrambled control cells [ Fig. 8A] ) still resulted in a defect in infectious progeny production (Fig. 8B) . We conclude that Rb is required for efficient viral genome replication during HCMV lytic replication in fibroblasts.
The late protein pp150 accumulates to lower levels in Rb knockdown cells. Viral late gene expression follows DNA replication. As expected based on the defect in viral DNA synthesis in the absence of Rb (Fig. 7) , Western blotting revealed a decrease in the steady-state level of the true late UL32 gene product pp150 in Rb knockdown cells compared to scrambled control cells (Fig. 9A) . Quantitation over multiple experiments revealed a 39% defect that was both reproducible and statistically significant (Fig. 9B) . We conclude that Rb is required for efficient late protein accumulation in HCMV-infected fibroblasts. Overall, we conclude that Rb contributes in a positive way to multiple steps during HCMV infection, promoting efficient lytic replication.
DISCUSSION
We detected multiple steps at which Rb deficiency decreased parameters of HCMV infection. HCMV entered Rb knockdown cells less efficiently, but it is unlikely this is a direct effect, as Rb localizes to the nucleus and mitochondria but not at the sites of HCMV entry (52, 53) . The decrease in entry may result from the myriad transcriptional changes that likely result from knocking down a 2 to achieve equal genome entry. (G and H) Serum-starved Scr cells were infected with AD169 at an MOI of 1, and Rb2 cells were infected with AD169 at an MOI of 1.6 to achieve a minimum of 1.2-fold-higher genome entry in the Rb knockdown cells. Infections were harvested at 6 h (A, D, and G) and 72 h (B, E, and H) postinfection. DNA was isolated, and the levels of viral and cellular genomes were measured by qPCR. The horizontal bars represent the mean measured quantities of viral genomes/cellular genomes from a minimum of four biological replicates, and the symbols represent data points from the individual experiments. The data in panels C, F, and I are the mean fold increase in viral genomes (viral genomes/cellular genomes at 72 hpi divided by viral genomes/cellular genomes at 6 hpi) Ϯ standard deviation from a minimum of four biological replicates. Statistical significance was determined by Student's t test (*, P Ͻ 0.05; **, P Ͻ 0.01).
widely acting corepressor like Rb. Rb-mediated transcriptional repression of IE1 expression may explain why IE1 protein accumulation is not defective in Rb knockdown cells despite decreased viral genome delivery (Fig. 4 and 5 ). This may also explain why the pp71-C219G virus, which eliminates the ability of pp71 to degrade Rb, displays an apparent delay in IE protein accumulation (34) . HCMV may utilize tegument-delivered pp71 to degrade Rb prior to viral IE gene expression to ensure a robust lytic infection. However, this effect appears to be insignificant, at least in fibroblasts in vitro, as the pp71-C219G virus displays no overt growth phenotype (34) .
Rb is considered an inhibitor of both cellular and viral DNA replication through repression of the E2F-responsive genes that participate in nucleotide metabolism and DNA synthesis (11) . Our data indicate that Rb is not inhibitory for HCMV viral DNA replication but actually enhances this process. Whether Rb accomplishes this directly by physically interacting with HCMV genomes or indirectly through transcriptional modulation of viral or cellular gene expression remains to be determined. In HCMVinfected cells, Rb reaccumulates after its degradation by pp71 at pre-IE times, but it is subsequently phosphorylated by the HCMV UL97 v-Cdk at times when viral DNA is synthesized (33) . While UL97 clearly facilitates HCMV viral DNA replication (54) , it appears to do so independently of Rb phosphorylation (C. V. Kuny and R. F. Kalejta, submitted for publication). Likewise, it remains unknown whether the hypo-, mono-, or hyperphosphorylated form of Rb is responsible for inducing efficient HCMV DNA synthesis. Furthermore, it is currently unclear whether the observed decreases in late gene expression in the absence of Rb result from a direct or indirect effect on late gene transcription or translation or are secondary to the observed defect on viral DNA replication.
Rb promoting HCMV infection may seem counterintuitive because this virus and the small DNA tumor viruses encode multiple proteins reported to inactivate Rb. However, the term "inactivate" may not accurately describe the effects of these viral proteins on Rb. While certain functions of Rb will clearly be inhibited, other activities may be retained in the presence of these viral proteins. We previously described an HCMV mutant that was wild type except for an engineered ability to induce Rb degradation by expressing the papillomavirus E7 protein from an early/late HCMV promoter (55) . This mutant HCMV with E7 virus displayed a growth defect, while a similar HCMV virus expressing an E7 mutant that is unable to bind and degrade Rb had no growth defect (55) . This is consistent with the knockdown data presented here that Rb promotes efficient HCMV infection and suggests that inactivation by degradation is not synonymous with hyperphosphorylation.
Multiple proteins target Rb during HCMV infection, but infection is inefficient at multiple steps in its absence. Analogous findings have been reported for p53, the other major cellular tumor suppressor. At least three viral proteins, IE1, IE2, and UL44, have been reported to inactivate p53 function (56) (57) (58) . Furthermore, p53 is sequestered within viral replication compartments in infected cells (59) . In p53-null cells, HCMV replicates to decreased titers and shows defects at multiple stages of the viral life cycle, including DNA replication and late gene expression (60, 61) , similar to what is observed here in Rb knockdown cells. Clearly, HCMV does not simply inactivate these tumor suppressors but modifies their function to stimulate its replication.
The proteins that induce Rb degradation, HPV E7 and HCMV pp71, target only the hypophosphorylated form, and not the hyperphosphorylated form (19, 31) . While this inactivates the Sphase restriction function of hypophosphorylated Rb, it would not necessarily inactivate any function that a more-phosphorylated form of Rb might possess. Analogously, although adenovirus E1A associates with hypophosphorylated Rb and disrupts its complexes with certain E2F proteins to inactivate the S-phase restriction, Rb remains able to interact with E2F1 in the presence of E1A, perhaps preventing E2F1-induced apoptosis during adenovirus infection (25) . Additionally, recent experiments clearly demonstrate that E1A-bound Rb does not remain inert, but rather E1A directs the Rb-mediated transcriptional repression of a modified set of cellular genes (26) . Many of these genes have annotated antiviral functions, indicating that, as is the case for HCMV, Rb may very well enhance adenovirus infection (26) .
Deciphering how HCMV might use Rb to its advantage is com- The data are mean titers normalized to the siScr titer Ϯ standard deviations from two biological replicates. Statistical significance was determined by a parametric test before normalization (*, P Ͻ 0.04). plicated because at least four viral proteins (pp71, IE1, IE2, and UL97) have been demonstrated to physically and/or functionally interact with the Rb/E2F pathway (31) (32) (33) (37) (38) (39) . Furthermore, an additional 14 HCMV proteins (US16, US22, US26, US29, UL20, UL23, UL24, UL25, UL29, UL69, UL77, and UL93 in all strains and UL111a and UL128 in clinical strains) encode a canonical Rb-binding LXCX(D/E) motif (62) . While any one or more of these proteins may be a functional partner with Rb, none are known to play direct roles in the processes shown here to be deficient in the absence of Rb (viral DNA replication and late gene expression), although genetic ablation of UL69 shows a similar phenotype (63) . UL77 and UL93 play roles in DNA encapsidation (64, 65) , provocatively suggesting that Rb may participate in another viral process critical for HCMV replication not directly assayed here. No doubt, the interaction between HCMV and Rb is multifaceted and complex. The vast majority of research on the interactions between viruses and Rb has focused on oncogenic transformation events (66) . Such explorations have been instrumental in defining the Rb-E2F pathway and its role in both normal cell cycle progression and cancer. However, oncogenicity is not a central part of the infectious cycle of these viruses, and the actual role of viral targeting of Rb remains, for the most part, undefined. Thus, despite intensive study using viral Rb-inactivating proteins to illuminate the contribution of the Rb pathway to tumor suppression and oncogenesis, we still have a rudimentary comprehension of the role of Rb in productive viral replication. Understanding how viruses manipulate the function of Rb to their benefit may reveal novel functions of this fascinating tumor suppressor.
